Cerebral perfusion was evaluated in 87 subjects prospectively enrolled in three study groups-healthy controls (HC), patients with insulin resistance (IR) but not with diabetes, and type 2 diabetes mellitus (T2DM). Participants received a comprehensive 8-hour clinical evaluation and arterial spin labeling magnetic resonance imaging (MRI). In order of decreasing significance, an association was found between cerebral blood flow (CBF) and sex, waist circumference, diastolic blood pressure (BP), end tidal CO 2 , and verbal fluency score (R 2 = 0.27, F = 5.89, Po 0.001). Mean gray-matter CBF in IR was 4.4 mL/100 g per minute lower than in control subjects (P = 0.005), with no hypoperfusion in T2DM (P = 0.312). Subjects with IR also showed no CO 2 relationship (slope = − 0.012) in the normocapnic range, in contrast to a strong relationship in healthy brains (slope = 0.800) and intermediate response (slope = 0.445) in diabetic patients. Since the majority of T2DM but few IR subjects were aggressively treated with blood glucose, cholesterol, and BP lowering medications, our finding could be attributed to the beneficial effect of these drugs.
INTRODUCTION
The prevalence of obesity among American adults is at an astonishing 35.9%, with 15.5% of the population having a body mass index (BMI) of ⩾ 35 kg/m 2 . 1 Obesity is associated with type 2 diabetes mellitus (T2DM), heart disease, sleep apnea, joint damage, and many other negative effects. The prevalence of insulin resistance (IR) and metabolic syndrome also increases with obesity, 2 exceeding 50% in those over 60 years of age. 3 Cross-sectional and longitudinal epidemiologic studies show that T2DM is linked to an increased risk of cognitive impairment and dementia. Verbal memory and processing speed deficits are the most consistently observed cognitive deficits associated with T2DM. 4 Interestingly, non-diabetic elderly with IR, already show similar reductions in cognitive impairment to those with T2DM. 5 Even relatively short-term impairments in metabolism observed in adolescents with T2DM give rise to cognitive and structural brain abnormalities. 6 Among adolescents with metabolic syndrome brain impairments are driven by the degree of IR, even after accounting for BMI. 7 Surprisingly, the annual rate of cognitive decline in T2DM does not differ from age-matched controls, 8 in contrast to accelerated decline in Alzheimer's disease (AD). 9 Thus, if the key physiologic changes that spur the brain disturbance could be identified, then successful therapeutic reversal of diabetes-related cognitive dysfunction is more likely.
Patients with T2DM show structural magnetic resonance imaging (MRI) changes (such as brain atrophy 10 and whitematter (WM) lesions 11 ) that are correlated with cognitive scores. 12 The MRI studies also report specific association between the hippocampal volume and glycated hemoglobin (HbA 1c ), a marker of long-term glucose control, and suggest that IR may be responsible for neuronal loss. Even among individuals without diabetes, IR has been associated with reductions in hippocampal volumes. 13 We have proposed a model linking IR/T2DM to impairment of brain integrity through endothelial dysfunction. 14 The model suggests alterations in cerebral blood flow (CBF) and its regulation. By examining the literature on several markers of microcirculation, Muris et al 15 proposed that microvascular impairment is part of the etiology of T2DM. However, there are no CBF studies of individuals with IR but with no diabetes and few publications in diabetic patients. The reports to date are contradictory. In one of the earliest studies, Dandona et al 16 measured global CBF by the 133-Xe inhalation method in 59 individuals with diabetes and 28 controls encompassing a wide range of ages. They reported age-related perfusion decline in both groups, with somewhat larger (but not statistically significant) CBF in patients.
However, more recent investigations report cerebral hypoperfusion in patients with T2DM. [17] [18] [19] These contradictory findings suggest methodological difficulties in assessment of CBF. As suggested by the large variability in resting global CBF in the control subjects (Table 1) , the measurement of cerebral perfusion remains challenging, with current techniques showing poor precision.
The purpose of this prospective study was to examine cortical perfusion in subjects with IR and T2DM. Specifically, we wanted to resolve the controversy regarding CBF changes in diabetic patients. A healthy control (HC) group was used as a reference. Since factors related to obesity underlie the pathophysiology of IR, we have designed the study to include a spectrum of obesity in each group. Each subject received an extensive medical and neuropsychological evaluation. Cerebral blood flow was measured with arterial spin labeling (ASL) MRI using cerebral WM as the flow reference region. Perfusion results were systematically compared with clinical metrics of diabetes and IR in addition to measures of cognitive performance, body mass, and blood pressure (BP).
MATERIALS AND METHODS

Ethical Guidelines
All examinations and procedures were followed in accordance with the ethical standards of the New York University Langone Medical Center Institutional Review Board under the requirements of the US Department of Health and Human Services regulations at 45 CFR part 46, as well as with the Helsinki Declaration of 1975/1983. Informed written consent was obtained from all volunteers and all components of this study were in compliance with the Health Insurance Portability and Accountability Act (HIPAA). Anonymity of all volunteers was assured by removing the names, addresses, and other identifying information from data analyses.
Subjects
All subjects were recruited and prospectively enrolled in one of the three groups-HC, patients with IR but not diabetes, and patients with type 2 diabetes. Eighty-seven volunteers were included: 37 HC, 27 IR, and 23 T2DM. Within the HC group, the enrollment was driven by the need to recruit at least six obese and six overweight individuals: after recruiting a sufficient number of 'lean controls' (BMIo 25 kg/m 2 ), further enrollment was restricted to overweight (25 ⩽ BMIo30) and obese (BMI430) HC subjects.
Participants had a minimum of a high-school education. Excluded were individuals with significant coronary ischemic disease, Modified Hachinski Ischemia score44, any focal neurologic signs, current diagnosis or history of stroke, significant head trauma, or evidence of tumor on the structural MR scan. Furthermore, subjects with evidence of significant cognitive impairment (mini-mental state examination score o27 or a Global Deterioration Scale 23 ⩾ 3) or uncontrolled hypertension (BP4150/90 mmHg) were also excluded.
Participants received medical, endocrine, psychiatric, neuropsychological, and brain MRI evaluations during a comprehensive 8-hour evaluation completed over two visits within 1 month. Individuals were assigned to one of the three groups as follows:
Type 2 diabetes mellitus. Participants were classified in this group if (1) they had a prior diagnosis of type 2 diabetes, (2) they had an HbA 1c value of 46.5%, or (c) their 2-hour oral (75 g) glucose tolerance test resulted in the glucose level of 200 mg/dL or higher. The prior diagnosis was confirmed by monitoring HbA 1c and glucose tolerance tests in our laboratory. The majority (16 of 23) of diabetic patients took oral medications to lower blood glucose levels: 15 were taking metformin (trade name Glucophage) either alone (N = 8) or in combination with other drugs, and one sitagliptin (Januvia). Three diabetic patients were on insulin treatment: two were taking detemir (Levemir) and one insulin aspart (NovoLog).
Insulin resistance. Individuals in the insulin-resistant group did not meet T2DM criteria as determined by HbA 1c or glucose tolerance test, but had fasting hyperinsulinemia, leading to quantitative insulin-sensitivity check index (QUICKI)o0. 35 . The QUICKI incorporates fasting glucose and insulin levels and has been validated against the hyperinsulinemic-euglycemic glucose clamp. 24 None of IR subjects took glucose lowering medications.
Healthy control. Individuals in the control group had no evidence of T2DM or IR according to HbA 1c , glucose tolerance test, and QUICKI. Generally, their fasting glucose levels were o 90 mg/dL and fasting insulin levels o9 μU/mL. The demographic data and participant characteristics are summarized in Table 2 . Subjects with diabetes were on average 3 years older than subjects in the HC and IR groups. The groups were well matched on education and IQ. On average, participants in the IR and T2DM participant groups were heavier than those HC group. All participants successfully completed the ASL MR imaging exam.
Imaging Protocol
Imaging was performed at 3 T (Tim Trio, Siemens, Erlangen, Germany) using a 12-element head coil for signal reception and the integrated body coil for radiofrequency transmission. The subject's head was supported using foam pads to reduce motion. Perfusion data were acquired using an balanced steady-state free precession (bSSFP) ASL technique (described below) in two axial slices (Figure 1) , one at the level of the cingulate gyrus and the second passing through the middle temporal gyrus. End-tidal CO 2 was monitored and recorded continuously. This was important because CBF in insulin resistance and diabetes H Rusinek et al arterial CO 2 tension is known to be a potent modulator of CBF (increased CO 2 causing vasodilation). CO 2 monitoring was performed by fitting the subjects with a mouthpiece and sampling the expired air continuously with an infrared capnometer via a 3-m-long cannula attached to the mouthpiece. Heart rate, respiratory rate, and blood oxygen saturation were also monitored continuously during the ASL exam.
Arterial Spin Labeling Technique
The ASL technique was based on the flow-sensitive alternating inversion recovery (FAIR) method with a bSSFP readout. 25 A 12-element head coil receiver and a body coil were used. Flow-sensitive alternating inversion recovery is a type of pulsed ASL, in which two inversion recovery images are acquired, one with a slice-selective inversion pulse (to generate a 'labeled image'), and one with a nonselective inversion pulse (to generate the 'control image'). The slice-selective inversion pulse is applied in a thin slab encompassing the imaging slice, and the inversion time is chosen so that blood proximal to the inversion slab will have time to flow into the imaging slice and perfuse the tissue. When the control image is subtracted from the labeled image, signal from static spins in the tissue will cancel out, leaving only signal from water in the blood that has flowed into the imaging slice and perfused the tissue. The difference image can thus be used to generate a map of tissue perfusion. In our implementation, the spatially selective inversion slab was 2.5 times the thickness of the imaging slice, and the inversion time was 1.2 seconds.
The FAIR ASL method does not have the limitations of variable delay time between the tagged blood and the region of interest (ROI) that affect continuous ASL methods. However, the FAIR technique assumes that the global inversion pulse inverts water in static tissue to the same extent as the slice-selective inversion pulse, which may not be accurate due to imperfect slice profiles or to B 0 field inhomogeneity. 26 To compensate for this asymmetry, we used the signal in normally appearing WM as a reference in the perfusion analysis (described below).
A bSSFP readout was chosen instead of the more conventional echo planar readout to reduce susceptibility artifacts and allow for higher spatial resolution without image distortion. Data were acquired in a single shot after the inversion pulse, using parallel imaging with an acceleration factor of 2 to reduce the echo train duration. Other parameters included echo time = 1.41 ms, flip angle = 50°, receiver bandwidth = 977 Hz/pixel, slice thickness = 8 mm and in-plane spatial resolution = 1.2 × 1.2 mm 2 , which was fine enough to resolve small blood vessels. To improve signal-to-noise ratio, 48 repetitions were performed, alternating between nonselective and slice-selective inversions. The repetition time between successive inversion pulses was 3 seconds. Since this was not long enough to ensure complete recovery of magnetization, the first four repetitions were excluded from the analysis to avoid transient effects. The entire ASL acquisition took 2 minutes 24 seconds per slice.
Image Analysis
A general kinetic model was used to calculate CBF in gray matter (GM) from the signal difference between label and control images. We compensated for imperfect slice profile and B 0 field inhomegeneity by using the signal difference in normally appearing WM as a reference. 27 This approach assumes that the CBF in normally appearing WM is low and constant, an assumption that is justified by extensive imaging data and by histopathologic evidence of~2.5 lower microvascular density in cerebral WM compared with GM. 28 We have showed that small deviations from this assumption introduce a relatively minor bias on flow measurements in cerebral GM. 27 On the basis of prior studies, we used a nominal value of 25 mL/100 g per minute for WM perfusion 29 and constrained the equations of our general kinetic model so that the average WM flow would equal this value. To exclude blood vessels, all voxels with CBF exceeding 150 mL/ 100 g per minute were segmented out from GM region (see below).
The key steps in the image processing pipeline are shown in Figure 2 . The ASL images are loaded onto the workstation to generate ROIs for WM and GM. First, seeds are chosen in WM ( Figure 2B ) and GM ( Figure 2C ). An initial WM ROI is constructed from voxels whose signal is within 10% of the WM seed, and restricted to the largest connected components ( Figure 2D ). It is then refined by removal of outliers from the CBF histogram to eliminate voxels that are contaminated by lesions and partial volume of GM ( Figure 2E ). The GM ROI is obtained by intensity thresholding ( Figure 2F ) followed by automatic boundary erosion and removal of nonbrain tissue ( Figure 2G ). Postprocessing is performed blind to group membership and takes~5 to 10 minutes per case. A batch process is then run to generate GM CBF.
Statistical Analysis
Statistical analysis was performed using IBM SPSS version 22 (IBM Corporation, Armonk, NY, USA). A general linear model was used to identify factors correlated with GM CBF. The independent variables included in the model are listed in Table 3 . The influence (i.e., interaction) between group membership (namely HC, IR, and T2DM) and significant continuous predictors of cortical CBF was analyzed using homogeneity of slopes design of general linear model. 
RESULTS
Predictors of Gray-Matter Perfusion
The GM CBF in mL/100 g per minute was normally distributed as shown with Kolmogorov-Smirnov and Shapiro-Wilk tests. The mean value was 58.3, standard deviation 6.3, and range 45.4 to 80.1. Table 3 lists 20 variables tested as potential predictors of CBF (the dependent variable) using simple linear regressions, i.e., regressed one at the time. In order of decreasing significance, an association was found between CBF and: sex, waist circumference, diastolic BP, end tidal CO 2 , verbal fluency score, and BMI (Table 3) . The first five panels of Figure 3 plot the relationship between CBF and some of the variables that were significantly associated with cortical perfusion.
Many of the 20 predictors are strongly correlated. For example, all metabolic variables (HOMA, QUICKI, INSULIN, HbA1c, and GLUCOSE), both obesity measures (WAIST and BMI), and four out of five cognitive variables (IQ, COWAT, MEM, and STROOP) were mutually linearly correlated at P o0.001. Moreover, there were strong linear correlations (Po 0.001) between obesity measures (WAIST and BMI) and BP and between obesity measures and metabolic measures. To avoid overfitting and reduce colinearity between independent variables, we tested a multiple regression model with five predictors (SEX, COWAT, CO 2 , BP_DIAST, and WAIST), yielding R 2 = 0.27, F = 5.89, P o0.001. In the five-variable model, BP_DIAST and WAIST are colinear (Figure 3 , bottom-right panel).
Interactions with Diagnostic Groups Cerebral blood flow differed significantly across the three diagnostic groups HC, IR, and T2DM, as shown by one-way ANOVA: F(2, 79) = 4.26, P = 0.018. Post hoc least squares difference analyses revealed a mean CBF decrease of 4.4 mL/100 g per minute in IR compared with control subjects (P = 0.005), with no (G) The final GM ROI in red is obtained by automatic boundary erosion to reduce partial volume effect followed by interactive removal of nonbrain areas (using an 'electronic eraser'). Similar processing steps are applied to the temporal slice. hypoperfusion in T2DM (P = 0.312). These results are summarized as box plots in Figure 4 . There was a significant interaction between group membership and end tidal CO 2 , but no group interaction for any other individual predictors of cortical CBF. Plots of GM perfusion versus end-tidal CO 2 ( Figure 5 ) support the notion that as a group, subjects with IR show no CO 2 relationship (slope = − 0.012) in the normocapnic range. This is in constrast to a strong relationship in healthy brains (slope = 0.800) and intermediate response (slope = 0.445) in diabetic patients.
DISCUSSION
When all 87 study subjects are considered together, we observed a significant relationship between resting CBF and end tidal CO 2 , sex, cognitive scores, obesity measures, and diastolic BP. End tidal CO 2 used in our study is a commonly accepted surrogate for arterial CO 2 . 30 It is well accepted that increasing arterial CO 2 causes vasodilation and increases CBF. In young healthy adults, the response to changing CO 2 concentration is estimated at~1 to 2 mL/100 g per minute per unit CO 2 rise in the 30 to 40 mm Hg range. 31 The response is greater under hypercapnic conditions. Our results (Figures 3 and 5) indicate a lower response, with the overall slope equal to 0.43 mL/100 g per minute. It should be noted that our data do not reflect an active modification of subjects CO 2 levels. Instead, we measured the effects of small, spontaneous CO 2 variations. Spontaneous changes are most likely lower than changes that would be induced by inhalation of CO 2 . For example, Wise et al 32 investigated the effect of spontaneous CO 2 variations using trans-cranial Doppler, confirming the smaller Figure 3 . The relationship between cerebral blood flow (CBF) in mL/100 g per minute and variables: end tidal CO 2 , waist circumference, verbal fluency test score, sex (mean and standard deviations for women 59.9 ± 6.7 and for men 56.2 ± 5.1), and diastolic blood pressure. Also plotted is the relationship between waist circumference and diastolic blood pressure.
effect of spontaneous as compared with induced CO 2 changes. Lower response to changing CO 2 could also reflect an aging effect: most of physiologic studies report cerebrovascular reactivity in healthy young adults, whereas our subjects were middle-aged.
Although commonly studied, the mechanism behind CO 2 response is not completely understood. The effect is most likely due to the increase in perivascular pH and subsequent changes in intracellular calcium levels. There is also evidence that nitric oxide is an important mediator of CO 2 -related vasodilatation. 33 In agreement with the literature 34, 35 we observed the dependence of resting cortical flow on sex. Cerebral blood flow in women is~10% larger than in men. This phenomenon could be explained by~10% lower hemoglobin and heamatocrit levels in women, combined with the hypothesis that CBF is regulated to maintain constant oxygen delivery across different hemoglobin levels. 34, 35 Our study showed a strong association between resting GM CBF and general cognitive functioning measured by multiple psychometric test scores. This association was not expected and it appears to be reported in only one other study. Takeuchi et al 36 examined resting CBF in healthy young subjects and showed a significant direct correlation with psychometric score of intelligence. Such association is somewhat in conflict with the efficiency hypothesis that postulates increased general intelligence to be linked to efficient cognitive processing, i.e., reduced neural activity. 37 However, efficiency hypothesis most often refers to neuronal activity while performing cognitive tasks, rather than to resting state.
We have also observed the effect of obesity and diastolic BP on cortical CBF. This effect is hard to interpret, as increased hypertension and obesity are highly correlated. The literature search yielded only one study 38 reporting significant CBF reduction with increased BP. Interestingly, our study confirms the detailed findings of Waldstein et al, i.e., larger sensitivity to diastolic (versus systolic) BP and larger effect in men than in women.
While the multiple regression model based on variables SEX, WAIST, BP_DIAST, CO 2 , and COWAT explains only 27% of variance, our observation of independent detrimental effect of obesity and high BP (Figure 3 ) on resting cortical perfusion could have important implications.
Our main goal was to determine whether T2DM is associated with changes in cortical perfusion. We have also, for the first time, assessed the perfusion in subjects with IR but not with T2DM. We have observed a significant impairment in cortical flow in IR, with 7.5% lower mean CBF than in HC. There was no significant resting hypoperfusion in T2DM group, in agreement with the results of a large prospective ASL study by Novak et al. 19 The majority of T2DM patients, but none of subjects with IR, were treated with blood glucose lowering medications. Moreover, 52.2% took statins compared with 7.4% in IR group, and 56.5% T2DM patients took medications to control their BP, compared with 11.1% among IR. Our finding could therefore be attributed to the beneficial effect of some of the medications, but many other plausible explanations can be offered. For example, our IR group included fewer women (52% females, compared with 61% females in T2DM group and 59% in HC group), and women show~10% higher GM flow than men. However, adjustment for sex differences translates into o 0.8% group effect, which is small compared with observed difference of 7.5%. Another significant finding is reduced sensitivity to CO 2 in IR groups, which again appears to be partially reversed in T2DM group. Cognitive deficits have been in the past described among individuals with normal fasting glucose levels but abnormal glucose tolerance. We have shown that carefully characterized non-diabetic middle-aged individuals with IR also show a CBF dysregulation. Cerebral blood flow changes appear to be reversed when the disease progresses to T2DM stage that is associated with aggressive use of medications.
One limitation of our study is the inclusion of relatively few subjects. The FAIR-based 2D ASL protocol used in this study took 2.5 minutes per slice, which makes it impractical to examine the entire brain. However, the relatively high precision of the CBF measurements suggests that the acquisition exam may be performed with fewer than 48 repetitions, yielding faster throughput and larger coverage in future studies. Reduced acquisition matrix would be another way to achieve a faster protocol; however, lower-resolution increases partial volume effects and leads to inaccurate delineation of cortical ROI.
A potential limitation is the use of normally appearing WM as a reference tissue whose perfusion is assumed to be constant across subjects. Any departure of cerebral WM flow from its assumed value of 25 mL/100 g per minute will be a source of systematic CBF error. However, there is an attenuated effect of error in assumed value of WM flow on the GM flow.
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Our measurements of the resting cortical CBF in middle-age adults agree well with the cortical CBF distribution previously measured using PET 15 O and other techniques (Table 1) . However, the variability of our CBF technique (standard deviation~6 mL/ 100 g per minute) is approximately two times better than the variability for competing methods. We attribute increased precision to the use of WM as the flow reference region. A prerequisite for accurate ASL measurement is that in the absence of flow, the signal strengths of control (slice-selective) image and labeled (non-selective) image be identical. This requirement is difficult to achieve because of imperfect inversion profiles. Constraining signal in the WM serves to reduce ASL errors.
In conclusion, our findings suggest significant CBF and vascular reactivity impairments in patients with IR short of T2DM. These impairments are to a large degree absent in the T2DM group. Further support for this finding will have to come from prospective longitudinal studies. It will be important to investigate whether improvements in CBF occur within individuals as they progress from IR to T2DM, and whether they are associated with improvements in cognitive functioning. Also of great interest would be to investigate the mechanism for this improvement, including the role of specific medications. By ascertaining that functional brain deficits are associated with obesity and high BP and that the deficits can be reversed, patients could be provided with great motivation to institute meaningful lifestyle changes.
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